We have designed a novel strategy for the isolation of the rearranged genomic fragments encoding the L-VH-D-JH and L-VK/x-JK/x regions of mouse immunoglobulin genes. This strategy Is based on the PCR amplification of genomic DNA from mouse hybridomas using multiple specific primers chosen in the $'-untranslated region and in the intron downstream of the rearranged J./JK/~ sequences. Variable regions with intact coding sequences, Including fulllength leader peptides (L) can be obtained without previous DNA sequencing. Our strategy is based on a genomic template that produces fragments that do not need to be adapted for recombinant antibody expression, thus facilitating the generation of chimeric and isotypeswitched immunoglobulins.
The development of mouse hybridoma technology has allowed the production of antibodies specific to a wide range of antigens. Mouse monoclonal antibodies (mAbs) have been used extensively for diagnosis, and some have proven useful for treatment of human diseases. Generally, murine antibodies are cleared rapidly from the circulation and often do not interact effectively with the host immune system. Moreover, administration of murine antibodies to humans often induces a human anti-mouse antibody (HAMA) response after single or repeated treatments. (1) Attempts to replace routine mAbs have been limited by the difficulties in generating human hybridomas, which are generally unstable and secrete low amounts of antibodies (frequently IgMs). Thus, considerable efforts have been made to render murine mAbs more similar to those of the human host. Alternatives to human hybridoma-derived antibodies have been developed in which most of the rodentderived sequences of mouse immunoglobulins are replaced with sequences derived from human immunoglobulins. Two approaches have been used: (1) chimeric mAbs, in which the xeno-V regions are combined with human constant domain regions (CDRs); (z'3~ and (2) humanized mAbs, in which only the xeno-CDRs are linked onto human sequences. (4,s) These engineered antibodies retain their target specificity and show reduced HAMA responses when injected into patients. (6'7) In addition, the correct effector function of the antibody as required for certain clinical applications can be obtained by selecting the corresponding immunoglobulin isotype.
In spite of these advances, cloning of the variable region sequences has been a limiting step in the rapid construction of chimeric and isotype-switched antibody molecules. Amplification by PCR of the immunoglobulin heavy-and light-chain variable regions has facilitated this step greatly. However, the high degree of DNA sequence polymorphism in the leader and variable sequences of both heavy and light chain genes has required the preparation of complex sets of degenerate primers. (s--11~ These primers are usually within the first framework of the variable region (FR1), and in a few cases in the leader peptide sequence (L). The 3' primers are usually within framework 4 (FR4), which displays a limited polymorphism, or in the constant region, in which conserved, isotype-specific sequences can be identified easily. Therefore, most of the current PCR amplification reactions of the immunoglobulin H and K/h chain variable regions generate fragments containing incomplete VH and V L sequences, linked or not linked to part of the constant region. When cloned into cassette expression vectors, such fragments generate chimeric immunoglobulins directly when PCR primers are within the FR1 and FR4 regions. Additional modifications such as the reo construction of the original splice donor site of the V region or the mutagenesis of sites in the V and C regions that create a common restriction sequence are required before cloning when the fragments contain C regions. ~ Other disadvantages of the methods currently in use arise from the observation that although complex sets of 5' and 3' primers have been designed, they do not always match the DNA template completely. (14'1s~ Native sequences of the immunoglobulin heavy and light chains may therefore be altered in the FR1 and/ or in the FR4 regions during the amplification process. This can be a problem because modifications of the amino-terminal structure have been shown to reduce drastically the affinity of the immunoglobulin for its antigen. This is particularly true for the light-chain variable region, in which the amino acid at position 2 is part of the predicted canonical structure for CDR1.(16) Moreover, expression levels of the recombinant antibody may be altered when mutations occur in the leader peptide.
Other current technologies such as inverse or anchored PCR circumvent some of the problems described above. For example, one can determine the 5' and 3' sequences of the variable regions, and therefore PCR primers that match the template exactly can be prepared. (17'18~ Variable regions with unaltered amino-terminal sequences can be generated. However, these procedures are time-consuming.
If DNA sequences of the VH and VL genomic regions from the parental hybridoma are known, including the 5'-untranslated regions and the introns downstream of the rearranged J segments, PCR-amplified fragments can be inserted into expression vectors within noncoding sequences. (19~ This procedure generates complete, original variable regions that can be linked without modifications to any other constant region, provided that the reading flame of the V region is maintained.
We have developed a general method for PCR amplification of the rearranged genomic fragments encoding full-length variable regions of mouse immunoglobulin genes. This method does not require previous DNA sequencing. Amplified fragments can be characterized readily using a set of J-specific oligonucleotide probes that are used also for typing of the VH-D-JH and VL-JL rearrangements on hybridoma RNA. 
MATERIALS AND METHODS

Synthesis of Oligonucleotide Primers and Probes
Oligonucleotides were synthesized by the [3-cyanoethyl phosphoramidite method and purified by reverse-phase HPLC (MWG-Biotech, Ebersberg, Germany).
DNA Amplification by PCR
In vitro DNA amplification was performed in 100-pA final volume in a Perkin-Elmer 9600 thermal cycler (Norwalk, CT). Reagents were added to the reaction to yield the following final composition: 10 mM Tris-HC1 (pH 8.3) at 25~ 50 mM KC1; 2.5 mM MgClz; 0.001% gelatin (Sigma, cat. no. G2500, St. Louis, MO), 200 mM dNTP; 150 nM of each amplification primer; 1 ~g of genomic DNA; and 2.5 units of AmpliTaq DNA polymerase (Perkin-Elmer, Norwalk, CT). The cycling profile was as follows: 5 min at 94~ 3 cycles of 1 min at 94~ 1 min at 50~ I min at 72~ 27 cycles of I min at 94~ 1 min at 62~ 1 min at 72~ and one final incubation at 72~ for 10 min.
Northern and Southern Blots
Total RNA (10 p.g) was denatured with glyoxal and subjected to electrophoresis on an agarose gel. (23~ The sample was transferred onto a GeneScreen Plus membrane (Du Pont, Wilmington, DE) according to the procedure described by the manufacturer. Products of PCR amplification of genomic DNA prepared from hybridoma cells were analyzed on agarose gels and transferred onto a GeneScreen Plus membrane as described/24~
Northern and Southern blots were hybridized under identical conditions with 32P-labeled oligonucleotide probes specific for each of the J~, J~, and JH segments. Temperatures [melting temperature (Tm)] of prehybridization and hybridization were at Tm-4~ and washings at Tm-2~
The Tins of the oligonucleotides were estimated by the formula: T m=4
(number of G + C ) + 2 (number of A+T). The TmS of the J-specific oligonucleotide probes are as follows: J• = 58~ J~2 = 62~ 
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Cold Spring Harbor Laboratory Press on October 27, 2017 -Published by genome.cshlp.org Downloaded from DNA sequence comparisons of the 5'-untranslated region and of the intron downstream of the J segments were performed using data from Kabat, ~27~ and from the GenBank and European Molecular Biology Laboratory (EMBL) libraries. Sequences were analyzed with the Genetics Computer Group (GCG, Madison, WI) package programs. Alignment of the DNA sequences of the 5'-untranslated region showed that the polymorphism in this region is globally identical to that of the leader peptide sequences (data not shown). However, in the 5'-untranslated region, a sequence of -2 0 nucleotides located immediately upstream of the start codon (ATG) was less polymorphic. Therefore, we designed multiple 5' PCR primers (18-mers) that terminated with the ATG sequence. This ensured a perfect match of the 3' end of each primer with the template, which was shown to be crucial to initiate consistent priming of the Taq polymerase extension reaction. A SalI restriction site and four additional nucleotides were added to the 5' end of the primers to facilitate cloning of the PCR fragments. Complex sets of 5' primers were synthesized consisting of two primers for K, 30 primers for K, and 42 primers for the heavy-chain genes, some of which contained inosine residues or were degenerate (Fig. 2) .
In contrast with the 5'-untranslated region, alignments of the 5' end of the intron sequences downstream of the J segments did not reveal significant polymorphism.
Moreover, alignments showed that 3' PCR primers specific for each of the J~, J~, and JH segments could be designed in this intronic region. For this reason, a single PCR primer was prepared downstream of each J segment, except for the JH3 segment, where two primers were needed because of DNA sequence polymorphism. The 3' PCR primers were 18-mers, except for the primer downstream of the JH1 segment which was a 20-mer, reflecting a high content of A/T nucleotides. A NotI restriction site and 4 additional nucleotides were added to the 5' end of these oligonucleotides to allow directional cloning of the PCR fragments into expression vectors (Fig. 2) .
To ensure specificity of the PCR amplifications and to characterize better the VH-D-JH and VL-J L rearrangements, sets of oligonucleotides (19-mers) specific for each of the J~, J~, and JH segments, which display a very low level of polymorphism, were synthesized. These were used as probes in both Southern blot analysis of the PCR fragments and Northern blots of total RNA extracted from the mouse hybridoma cells.
Northern Blot Analysis of RNA from Mouse Hybridoma Cells Using J Segment-specific Oligonucleotide Probes
The specificity of the oligonucleotides that hybridize to each of the J segments was demonstrated by Southern blot using a variety of cloned V L and V u PCR fragments of known sequences (data not shown). The specificity of these probes was also shown with Northern blots. RNA from the hybridoma cells 3G3 [IgM (~)] and HNK-20 [IgA (K)] were hybridized with the J~, JK, and JH oligonucleotides (Fig. 3) . Probes J~l, JK2, and JH3 generated signals at the expected size for 3G3 and HNK-20, respectively. The signal generated by hybridization of HNK-20 RNA with the J~2 probe was m u c h stronger than with the JH3 probe, although these two probes had similar specific activities and identical calculated melting temperatures. This observation suggests that either two or even three K-chain transcripts hybridized with the Fig. 2 for sequences of the oligonucleotide probes). The oligonucleotides specific for the pseudogenes JK3 and J~4 were not used in this experiment. As an internal control for total RNA loading, Northern blots were stripped and rehybridized with a full-length glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) cDNA probe. ~18~ Positions of 18S and 28S rRNAs are indicated.
J~z probe. One of these transcripts, corresponding to a pseudogene rearranged with the J~z segment, originated from the immortalizing fusion partner X63Ag8.653. (28'29~ For this reason, at least one K pseudogene transcript and one K functional gene transcript, both of them rearranged with the J~z segment, contributed to the strong signal observed. PCR amplification of the V~ genes from HNK-20 genomic DNA supports the hypothesis that three K-chain genes were rearranged with the JKz segment. All three of these rearrangements were transcribed using reverse transcriptase-PCR (RT-PCR) (data not shown). Consequently, the signal observed on Northern blots hybridized with the JKz oligonucleotide probe is composed of three superimposed signals. In all cases, the Northern blots were rehybridized with a probe specific for the housekeeping enzyme gene glyceraldehyde-3-phosphate-dehydrogenase(ZS~ to control for the amount of RNA loaded (Fig. 3 ).
Strategy for Mouse V H and VL PCR Amplification
Several i m m u n o g l o b u l i n variable region genes were amplified by PCR using genomic DNA prepared from mouse hybridoma cells. As an example, we describe the amplification of V x of the 3G3 hybridoma, VK, and V H regions of the HNK-20 hybridoma.
From the Northern blot data shown in Figure 3 , it was established that the h chain gene was rearranged with Jxl, the K chain genes with JKz, and the heavychain gene with JH3. Therefore, the 3' primers required for amplification were 3'hl, 3'K2, and 3'H3a or 3'H3b, respectively. Because of the high degree of polymorphism seen in the 5'-untranslated region, all 5' primers had to be included in the PCR reactions in combination with these 3' primers. This would result in two PCR reactions for h, 30 for K, and 42 for the heavy-chain genes, if each PCR reaction contained one 5' primer and one 3' primer. To reduce the number of combinations of 5' and 3' primers and, consequently, the n u m b e r of PCR reactions, the 5' primers were divided into small groups of 2, 3, or 4 primers based on their melting temperature (Fig. 2 ). This resulted in 1 group for X (group a), 9 for K (groups a-i), and 12 FIGURE 4 Southern blot analysis of the amplified 3G3 V x, HNK-20 V K, and V H genomic fragments following a two-step PCR amplification. In the first step (A-D), PCR amplifications were performed with groups of 5' primers (see Fig. 2 ) combined with a single 3' primer. The 3' primer for Vx was 3'hl; for V K 3'K2; and for V H 3'H3a or 3'H3b. In the second step (E-G), PCR amplifications were performed separately with each of the 5' primers from the positive groups, allowing the 5' primers that generate the signal in the first reaction to be identified. PCR amplification with 3'H3a was for the heavy-chain gene primers (groups a-l). A first set of PCR reactions contained one group of 5' primers and o n e 3' primer, thereby reducing the number of PCR reactions to 1 for Vx, 9 for V~, and 12 for VH. Southern blot analyses of these PCR reactions, using the Jxl", JKz-, and JH3-specific oligonucleotide probes, allowed the identification of the combinations that generated positive signals: 5'h group a w i t h 3'hl; 5'K groups g and i with 3'K2; and 5' heavy-chain groups c and 1 with 3'H3a or 3'H3b ( Fig.  CA-D) . These combinations were reanalyzed in a second set of PCR reactions that each contained one 5' and one 3' primer, to identify the pairs of primers that generated positive signals. These PCR reactions were analyzed again by Southern blot using the Jxl, J~z, and JH3 oligonucleotide probes. Results showed that the positive signals were generated by the following combinations: 5'hl with 3'hl (Fig. 4E) ; 5'K30, 5'K16, or 5'K19 with 3'K2 (Fig. 4F) ; and 5'H31A or 5'H31B (which have very closely related sequences) with 3'H3b (Fig. 4G) . These results indicate that one h-chain gene was rearranged in 3G3, and three K-chain genes and one heavy-chain gene were rearranged in HNK-20 (Fig. 5) .
With another mouse hybridoma cell (PCG-4), secreting IgG2a with a K chain, three different rearrangements of the K-chain genes, and a single rearrangement of the heavy-chain gene were also observed using the same PCR strategy (data not shown).
The presence of three V~ rearrangements in HNK-20 and PCG-4 is consistent with both a functional VK and an aberrant V~ in all hybridoma cells obtained by fusion with cell lines derived from the original MOPC-21 tumor. (zS'z9~ A third K-chain rearrangement was detected in both HNK-20 and PCG-4 hybridomas, although it involved different JK segments. RT-PCR showed that this third rearrangement was transcribed in HNK-20 and silent in PCG-4 (data not shown). Because the only K-chain gene that the fusion partner could have contributed is the nonfunctional MOPC-21 K gene, (3~ this third rearrangement probably originated from the mouse B cell that served as a fusion partner. Contamination of the HNK-20 hybridoma cell by another hybridoma cell is improbable because a single heavy-chain rearrangement was detected in both Northern and Southern blots. (Fig.  6A-D) . The sequence of the HNK-20 V~ (5'K19--3'K2) fragment is not reported here because its coding sequence was identical to a published immunoglobulin V~ cDNA sequence. (31~ The deduced amino acid sequences of the functional V~, V~, and V H fragments correspond to open reading frames that are highly homologous to other mouse immunoglobulin variable regions. In these four PCR amplified fragments, the positions of the cysteines involved in the intramolecular disulfide bridge were conserved. The presence of conserved stretches of amino acids corresponding to framework sequences allowed the CDRs to be positioned (Fig. 6 ). Taken together, these structural features suggest that the amplified and cloned Fv fragments should be functional. However, it was not possible to determine by computer modeling which of the two K fragments, shown by sequencing to be functional, is bound to the HNK-20 V n (data not shown). Consequently, the two functional HNKo 20 VKs and the HNK-20 V H have been inserted into expression vectors containing h u m a n heavy-and light-chain constant genes and cotransfected into myeloma cells. Currently, the secreted chimeric antibodies are being tested for their ability to recognize their corresponding antigen.
The cDNA sequence of the HNK-20 VK nonfunctional rearranged gene has been reported (zS'z9~ and was shown to contain a tyrosine instead of the invariant cysteine in position 23. Moreover, at the site of VJ recombination, 4 nucleotides appear to have been deleted, leading to a frame shift. This results in a premature termination codon at the 3' end of the J segment at position 105. We report here the genomic sequence of this V K pseudogene (Fig. 6C ) in which the cod-
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Cold Spring Harbor Laboratory Press on October 27, 2017 -Published by genome.cshlp.org Downloaded from ing sequence is in complete agreement with the reported cDNA sequences. This observation showed that the V K pseudogene was not affected by recombination events, at least in its coding region, during the PCR amplification process. Such PCR artifacts generating hybrid DNA molecules previously have been shown to occur when amplifying target sequences that are members of a gene family. (32) If the sequences of the PCR fragment and the corresponding cDNA or genomic clone, prepared without amplification techniques, are available, these artifacts can be ruled out. Consequently, because these sequences are not available for the functional V• VK, and V H PCR fragments shown in Figure 6 , the possibility that they are hybrid molecules cannot be excluded. However, this hypothesis will be indirectly evaluated by comparison of the specificity and affinity of the original mouse antibody and the chimeric mouse-human antibodies.
In conclusion, we have designed a novel strategy that allows the cloning of the full-length, rearranged variable regions of mouse immunoglobulin genes. This strategy requires a small number of PCR amplifications; however, the large number of 5' primers and the specificity of both 5' and 3' primers greatly increase the probability of amplifying the rearranged V~, V~, and V H region genes. In addition, the amplified Fv genes can easily be inserted into expression vectors containing murine or human light-and heavy-chain constant genes into intron sequences. Thus, a serious impediment for the rapid construction of isotypeswitched and chimerized mouse immunoglobulins has been overcome.
